Abstract-We study on a novel single-polarization single-mode (SPSM) holey fiber (HF) using an anisotropic lattice of air holes. Elliptical-hole core circular-hole HFs (EC-CHFs) recently proposed can easily realize single-polarization regime by utilizing the anisotropic fundamental space-filling modes (FSMs) of the air hole lattices. In this paper, in order to realize an SPSM-HFs based on the same principle of the SPSM regime in the EC-CHF without using elliptical air holes, we use an anisotropic arrangement of circular air holes in the core region. In order to obtain Gaussian-like mode profile, the dependence of the FSM and mode profile on the air hole sizes, lattice constant, and air hole arrangement in the core region is investigated in detail.
I. INTRODUCTION

O
VER the past few decades, the Internet traffic is rapidly growing, so that it is expected that conventional optical fibers will become inadequate. Under this circumstance, in order to expand the communication capacity, various new types of high performance optical fibers have been extensively studied. One of these fibers is photonic crystal fiber (PCF) with interesting features such as endlessly single mode behavior, high nonlinearity and so on [1] - [4] . The PCFs can be generally classified into two types according to their guidance mechanism. One is holey fiber (HF) [4] , in which light is guided by total internal reflection, and the other is photonic bandgap fiber (PBGF) [4] , in which light is guided by photonic bandgap effect.
In the case of ordinary HFs with a triangular lattice of air holes, the structure has a sixfold symmetry and the two orthogonally polarized modes in these fibers are degenerate. In order to realize birefringent or single polarization fibers, some asymmetries have to be introduced in the core and/or cladding region, and several kinds of structures have been reported so far [5] - [12] . The elliptical-hole core circular-hole HF (EC-CHF), which is one of the novel single-polarization HFs, can be easily achieved by using the effective index difference between the fundamental space-filling mode (FSM) of circular-hole lattice in the cladding and the anisotropic FSM of elliptical-hole lattice in the core region [13] - [17] . In this paper, we present a novel single-polarization and single-mode (SPSM) HF with circular air-holes in the core. In this structure, the SPSM regime can be easily achieved by utilizing the anisotropic FSM of the core lattice, in the same guidance mechanism as the EC-CHF. Similar approach to introduce the birefringence in core is reported in Ref. [12] . However, in Ref. [12] , high index rods with a smaller lattice pitch compared to the cladding are used in core region and SPSM-HF is not demonstrated with this structure. Our SPSM-HF consists of only air holes and the lattice pitch is same in the core and cladding.
In Section II, we investigate the SPSM regimes of our proposed HF which has circular air holes in the core, whose sizes periodically change in the specific direction. Finally, we conclude in Section III.
II. SPSM-HF WITH ANISOTROPIC LATTICE OF CIRCULAR AIR HOLES
In this section, we investigate a novel structure of SPSM-HF only with circular air-holes although it is based on the same principle of EC-CHF, which has large birefringence in the core region utilizing anisotropic FSM of the elliptical air hole lattice. On the other hand, the present HF utilize anisotropic arrangement of circular air holes.
A. HF With Large and Small Air-Holes in the Core Region
We investigate the novel structure of HF with a core lattice consisting of inhomogeneous air holes. The cross-section of the HF and the analysis regions of each FSM are shown in Fig. 1 . The structure has an asymmetry in the core whose air hole sizes are modified periodically along the y-direction. In this paper, the large and small air-hole radii in the core region are referred to as r large and r small , respectively, and the air-hole radius in the cladding region is referred to as r clad . The lattice pitch is Λ, and the hole radii are set to be r large /Λ = 0.4 and r small /Λ = 0.1, respectively. The light blue region indicates SiO 2 , and the blue and white regions indicate air holes. The holes indicated by blue are the air holes which constitute the anisotropic core.
In order to design an SPSM-HF, first we investigated the birefringence of the FSM of the anisotropic core lattice. The dispersion curves of the FSMs for the core and cladding regions are shown in Fig. 2 . The dispersion curves for the cladding lattice are shown for r clad /Λ = 0.25, 0.26, and 0.27, respectively. The lattice with smaller air holes has a higher effective index. For example, in the case of Λ = 1 μm, in order to achieve single-polarization operation in the conventional communication band λ/Λ = 1.55, the HF with r clad /Λ = 0.26 can be designed. Fig. 3 shows the field distribution of the eigen modes of our proposed HF. The vector finite element method with higherorder curvilinear edge and nodal hybrid elements is employed to obtain these eigen modes [18] . Only the x-polarized wave is confined in the core region and the y-polarized wave is a radiation mode. We can see that the single-polarized operation is achieved according to these results. However, the fundamental modal field distribution of this fiber does not match with those of conventional fiber modes. The field distribution has a lot of relatively large dips, especially along the y-direction. Additionally, from Fig. 3 (c), the higher order mode is also supported in this fiber. Therefore, in order to achieve the single-mode operation, based on the conventional optical fiber theorem, we consider the maximum core radius, R max core , as follows,
where Δ is a relative refractive index difference which is given as
Here, n 1 and n 2 are the effective indices of the FSMs in the core and cladding regions, respectively, V c is the cutoff (normalized frequency, V -value), and λ is the operating wavelength. V -value is required to be smaller than V c = 2.4048 to realize the single-mode operation. From (1), the core radius R core has to be smaller than 2.5Λ to realize the single-mode regime at the considered wavelength.
Next, in order to realize the SPSM regime, we investigate a two-ring structure of HF as shown in Fig. 4 . The other parameters are the same as the previous structure. Fig. 5 shows the field distribution of the eigen modes in the HF shown in Fig. 4 . Unexpectedly, we can observe that both the x-and y-polarized waves are supported and the x-polarized higher-order mode is also In these eigen modes, the fields are localized around the core-cladding boundary, rather than in the core region. In this HF, the outermost air holes of the core are the smaller ones and the effective index of the core-cladding boundary lattice is higher than those of the core or cladding lattice. This is the reason why we cannot realize SPSM in the structure shown in Fig. 4 . In order to confirm this, we estimated the effective index of FSM for the core-cladding boundary lattice. The results are shown in Fig. 6 . The effective indices of the x-and y-polarized fundamental modes are also plotted. We can see that the effective indices of three modes of the HF exist between those of the boundary and cladding modes.
In order to suppress the boundary modes of the core-cladding region, we consider an HF as shown in Fig. 7 . In this structure, the large and small air holes are rearranged and the outermost air holes of the core are the large air holes. Fig. 8 shows the eigen field distribution of the HF shown in Fig. 7 . We can see that only the x-polarized fundamental mode is supported and the SPSM operation is achieved. However, the mode field profile of this HF is significantly different from those of the standard single-mode fibers (SMFs) and the splice loss between an SMF and our proposed SPSM-HF is an important matter to be considered. The large dent in this HF is caused by the large air hole size compared to the wavelength. Therefore, next we design the SPSM-HF at longer normalized wavelengths.
B. HF With Only Large Air-Hole in the Core Region
The HF as shown in the previous subsection realizes the SPSM operation, but the mode field profile of this HF is significantly different from those of standard SMFs. In addition, we introduce small air-holes between the large air-holes to get a similar mode field profile to those of standard SMFs by reducing the refractive index difference within the core region. However, this approach is not quite effective to improve the mode field profile. In the following discussion, considering the practical fabrication, we eliminate the small air holes and, in the following discussion, r large is referred to as r core .
1) The Case of λ/Λ = 3: We consider a structure without small air-holes as shown in Fig. 9 . The structural parameters are the same as those in the previous subsection except for the small air-hole size. Fig. 10 shows the dispersion characteristics of the core and cladding FSMs, respectively. The dispersion curves of the cladding lattice are shown for r clad /Λ = 0.26, 0.27, and 0.28, respectively. In this design, the normalized wavelength is set to be λ/Λ = 3 to improve the mode field profile. This HF is able to be used in the communication band by setting the lattice constant Λ = 0.5 μm. From Fig. 10 , the SPSM operation is able to be realized for both r clad /Λ = 0.26, 0.27 and 0.28. Here, in order to get a stronger light confinement, we employ r clad /Λ = 0.28. In this case, the core-radius R core for the single mode operation has to be R core 4.8Λ and the four-ring SPSM-HF is investigated. In this design, in order to suppress unwanted surface modes, the air holes in the core are arranged so that the large air holes are located at the outermost core ring. Fig. 11 shows the field distribution of the HF. We can see that only the x-polarized fundamental mode is supported and the SPSM regime is achieved. The mode profile of this HF also has a slight irregularity.
2) The Case of λ/Λ = 4.5: In order to obtain a Gaussianlike mode field profile, we consider further longer normalized wavelengths (smaller lattice constant) and set λ/Λ to be 4.5. The structural parameters are the same as those used in the previous discussion except for the lattice constant and the core geometry. The core radius is assumed to be R core 7.8Λ and we consider a six-ring SPSM-HF shown in Fig. 12 . The large air holes, which constitute the core, are arranged so that the core geometry is almost circular.
The dispersion properties of the core and cladding FSMs for both x-and y-polarized waves are shown in Fig. 13 . From this figure, we can see that the SPSM operation is able to be realized for r clad /Λ = 0.265-0.289. In the following structure, in order to get a stronger light confinement, we employ r clad /Λ = 0.285. Fig. 14 shows the field distribution of the eigen modes of this HF. In this HF, only E x 11 mode is supported and the SPSM operation is realized. Moreover, comparing with the previous HF, the modal field profile is improved to match a Gaussian profile. This is because, in longer wavelength range, the optical field is less confined in the higher refractive index region and the more flat field distribution can be obtained. In the next subsection, in order to make it clear, we investigate the relationship between the modal field and waveguide parameters. Next, in order to evaluate the mode matching to the Gaussian field, we calculate the overlap integrals between the mode field of SPSM-HF and a Gaussian field. Fig. 15 shows the overlap integrals as a function of the normalized spot size of a Gaussian profile, a/Λ. We note that the maximum overlap for four-ring SPSM-HF shown in Fig. 9 can be up to 96% at the normalized spot size a/Λ = 3.4. Furthermore, the mode matching to the Gaussian field is improved up to 98% at a/Λ = 5.7 in the case of six-ring SPSM-HF shown in Fig. 12 . Fig. 16(a) and (b) shows the mode field distributions of six-ring SPSM-HF along the x-and y-axis with the origin at the center of the core, respectively. The solid red and dashed blue curves represent the mode field distributions of the SPSM-HF and a Gaussian profile, respectively. From Fig. 16(a) and (b), we can see that each mode profile has fairly good mode matching to the Gaussian profile.
3) The Modal Field and Waveguide Parameters: Fig. 17 shows the magnetic field distribution of the FSM for the several waveguide parameters. As expected, it can be seen that the flatness of the field is higher for the smaller lattice constant and smaller air holes. Fig. 18 shows the relationship between the air hole size and the birefringence of the core lattice. In Fig. 18 , the maximum core-radius for the single mode operation is also shown. Although the core lattices with (r core /Λ, λ/Λ) = (0.2, 1.5) and (0.4, 3.0) have almost same degree of flatness, the birefringence is much higher for (r core /Λ, λ/Λ) = (0.4, 3.0). From, these results, the birefringence of FSM are plotted as a contour map for λ/Λ and r core /Λ in Fig. 19 . From this figure, for longer normalized wavelengths λ/Λ > 3, the birefringence is almost determined only by the air filling fraction (the normalized air hole radius r core /Λ).
4) The Influence of Scattering Loss: Since our proposed SPSM-HF has a lot of air holes in the core region, the scattering loss due to the air/silica surface roughness is concerned. In order to estimate the scattering effect, we investigate the factor F which is usually used for the hollow core PBGF [19] . The estimated F value is F = 2.61 μm −1 for six-ring SPSM-HF at the operating wavelength λ = 1.55 μm (Λ = λ/4.5 0.334 μm). The F value and the corresponding scattering loss reported in [20] are 0.0174 μm −1 and 3.5 dB/km, respectively. Comparing to [20] , the estimated F value of our SPSM-HF is about 150 times larger and the corresponding scattering loss may be estimated at 525 dB/km. Therefore, our SPSM-HF does not seem to be favorable to long distance transmission. However, this scattering loss does not seem to be significant drawback for some applications such as a short length polarization splitting device proposed in Ref. [16] , whose device length is around 1 mm. In such application, the scattering loss of our proposed SPSM-HF can be negligible since the loss estimation is about 5.25 × 10 −4 dB/mm.
III. CONCLUSION
In this paper, we proposed a novel single-polarization HF and have investigated the structural parameters to achieve the SPSM-HF. In our structures, the birefringence of the core is introduced by the anisotropic arrangement of circular air-holes, and the single-polarization regime can be easily achieved by designing the hole size of the cladding. We also demonstrated that the modal field profile of the proposed HF is improved to match the Gaussian mode profile by reducing the lattice pitch. Considering the current fabrication technology and practical application, the performance of our proposed SPSM-HF may be degraded. Therefore in the future work, we will investigate the other important properties of our proposed SPSM-HF, such as the structural tolerance and the wavelength bandwidths for SPSM-HF.
